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ABSTRACT 


This  report  presents  and  evaluates  strain  and  motion  data  measured  during 
the  Spring  of  1951  on  the  USCGC  CASCO  while  on  weather  duty  in  the  North  At- 
lantic. The  appended  material  evaluates  the  performance  of  recently  developed 
automatic  strain  and  motion  measuring  apparatus. 

INTRODUCTION 

The  strength  design  of  ships,  which  has  passed  through  a gradual  process  of  evolution, 
is  still  basically  founded  on  empirical  rules.  The  calculation  of  the  longitudinal  strength  of 
a ship,  if  it  is  computed  at  all,  is  usually  carried  out  by  assuming  that  the  ship  is  poised  stat- 
ically on  some  “standard”  wave.  This  process  is  fairly  satisfactory  for  comparing  various 
ship  designs  but  cannot  be  considered  a reco-Hic  representation  of  the  effect  of  actual  sea 
conditions.  There  are  numerous  cases  on  record  where  ships  have  shown  evidence  of  lack  of 
longitudinal  strength. 

Information  concerning  Lho  actual  demands  made  upon  a ship’s  hull  girder  when  sub- 
jected to  the  action  of  the  sea  is  neither  sufficient  nor  in  a form  which  can  be  used  for  a valid 
evaluation  of  the  present  method  of  ship  design.  Weaknesses  in  ships  have  often  bocome  ap- 
parent only  after  failures  have  occurred.  It  is  necessary  to  determine  the  demands  which  the? 
soa  makes  upon  the  hull  girder  and  how  these  demands  vary  with  the  intended  service  of  the 
vessel.  When  such  information  is  available,  the  shipbuilder  must  be  able  to  apply  it  to  a more 
equitable  design  of  the  hull  girder. 

Tho  problem  confronting  the  ship  designer  is  to  design  the  ship  girdor  to  withstand  the 
most  sevore  loading  that  it  is  likoly  to  oncounter  throughout  its  intended  service  and  to  do  so 
in  a manner  which  results  in  an  equitable  distribution  of  strength  throughout  the  vessel.  This 
design  procedure  not  only  should  be  based  on  probable  service  requirements  but  should  also 
be  economical. 

Realizing  the  lack  of  reliable  information  on  the  actual  strains  and  motions  of  ships 
at  sea,  tho  Bureau  of  Ships  established  a rosoarch  project  at  the  David  Taylor  Model  Basin.  1 
This  projoct  was  for  the  purpose  of  making  additional  measurements  of  strains  and  motions 
of  ships  at  soa  and  the  development  of  improved  methods  of  dosign  of  the  ship  girdor  and  of 
its  structural  components  in  the  light  of  tho  additional  knowledge  obtained. 

It  is  apparent  that  this  over-all  study  can  become  quite  extensive.  It  was  necessary 
for  the  Taylor  Model  Basin  to  study  the  over-all  problem  objectively  and  to  decide  upon  a gen- 
eral program  that  could  reasonably  bo  accomplished  with  the  available  facilities,  time,  and 
funds.  A preliminary  outline  of  such  a program  was  published  in  tho  August  1950  issue  of  the 
Journal  of  Nava*  Engineers.2  As  part  of  tho  projoct  it  was  proposed  to  collect  data  on  many 

^Reference*  are  llated  oo  page  54. 
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ships  operating  on  the  various  sea  routes  and  under  a variety  of  sea  conditions.  The  data  to 
be  collected  were  to  give  an  index  to  tho  ship’s  seaworthiness,  to  the  acceleration  experi- 
enced by  the  hull  girdor  as  a whole,  and  to  the  severity  and  distribution  of  stresses  which  the 
hull  must  withstand. 

It  would  be  impractical  to  secure  this  mass  of  data  by  direct  oscillographic  recording, 
as  had  boen  used  in  prior  tests  on  ships  at  sea.  It  was  therefore  decided  to  develop  instrumen- 
•ation  which  would  obtain  the  desired  data  automatically  without  requiring  attending  personnel. 
The  objective  was  to  pcovido  an  instrument  that  could  he  installed  on  a ship  and  then  remain 
on  it  for  the  minimum  time  of  a complete  voyage,  say  one  month,  and  from  which  the  desired 
data  could  be  removed  at  tho  end  of  that  period.  The  required  instrumentation,  in  addition  to 
providing  the  proper  information,  should  be  sturdy,  roliablo,  and  economical  in  cost  and  op- 
eration.2,3 

In  accordance  with  this  objective,  the  Taylor  Model  Basin  has  developed  a number  of 
devicos: 

1.  The  TMB  Automatic  Ship’s  Motion  Recorder  which  records  the  output  of  several  trans- 
ducers as  a function  of  time  and  doos  this  for  a predetermined  duration  at  preselected  inter- 
vals of  time,  that  is,  it  performs  a sampling  operation. 

2.  The  TMB  Cycle  Counter  which  may  be  used  with  a number  of  different  types  of  trans- 
ducers. The  counter  tabulates  on  digital  counters  the  number  of  times  that  a given  magnitude 
of  cyclic  variation  has  occurred.  The  original  intention  was  to  utilize  the  counter  to  analyze 
tho  strain  variations  in  the  hull  girder  according  to  the  magnitudes  of  the  strain  variations. 
Anothor  type  of  counter  that  was  developed  classifies  the  variations  according  to  the  magni- 
tude of  the  cyclic  variation  as  well  as  according  to  the  mean  value  about  v'hich  the  variations 
occur. 

3.  A Mechanical  Strain-Cycle  Gage  of  10-in.  base  length  which  is  designed  to  work  di- 
rectly into  the  TMB  cycle  counter. 

4.  A Diaphragm  Pressure  Gago  which  is  dosigned  to  moasuro  pressures  acting  on  the  hull 
of  the  ship.  The  gage  utilizes  a differential  transformer  as  the  sonsing  element. 

5.  A Strain  Gage  of  10-in.  base  length  which  utilizes  a differential  transformer. 

6.  A Timo-Totalizer  which  indicates  directly  the  total  time  that  tho  value  of  a time  func- 
tion, such  as  a strain,  was  greater  than  any  one  of  a number  of  predetermined  magnitudes. 

At  the  request  of  the  Bureau  of  Ships4  the  Coast  Guard  made  a weather  ship  available 
for  the  purpose  of  evaluating  tho  new  instrumentation. 5 

Tho  vessel  selocted  for  tho  test  installation  was  tho  USCGC  CASCO,  formerly  the  U.S. 
Navy  seaplane  tender  AVP12.  An  inboard  profile  of  the  CASCO  is  shown  in  Figure  1.  The 
ship  has  a length  between  perpendiculars  of  300  ft,  extreme  beam  of  41  ft  3/4  in.  and  design 
draft  of  11  ft  7 1/16  in.  The  average  displacement  during  the  trials  was  2460  tons,  correspond- 
ing to  a mean  draft  of  12  ft  2 1/2  in. 
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Figure  1 - Inboard  Profile  of  USCGC  CASCO 

See  K mure  3 for  location  of  gage  stat  ions. 
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Ships  of  this  class  had  evidenced  some  structural  failures  during  their  duty  tours  in  the 
North  Atlantic.  Accordingly,  in  ordor  to  provide  environmental  conditions  under  which  the  auto- 
matic instrumentation  could  bo  evaluated,  the  test  voyage  was  selected  to  encounter  rough 
weather  with  realistically  large  strains  and  motions.  The  ship  left  Boston  on  11  March  1951 
and  roturnod  on  12  April  1951,  having  been,  in  the  interim  period,  on  weather  and  emergency 
rescue  duty  in  the  North  Atlantic;  the  entire  course  is  shown  in  Figure  2.  Fairly  heavy  weath- 
er was  encountered  at  the  beginning  of  this  period,  but  the  sea  was  rather  moderate  toward  the 
end  of  the  trip.  The  quantities  measured  includod  strain  near  the  forward  quarterpoint  and  near 
amidships;  heaving,  rolling,  and  pitching  accelerations;  angles  of  roll  and  pitch;  pressures 
acting  on  the  bow;  wind  and  sea  conditions;  and  speed  and  heading  of  the  ship. 

It  was  the  original  intont  of  those  particular  tests  to  provide  information  for  the  evalua- 
tion of  tho  performance  and  reliability  of  the  pilot  apparatus  under  service  conditions.  The 
data  obtained,  howover,  wore  to  prove  valuable  in  guiding  the  future  development  of  this  pro- 
gram and  to  help  rosolvo  a number  of  important  questions.  This  report  will  concern  itself  pri- 
marily with  an  analysis  of  the  strain?  and  motions  of  the  USCGC  CASCO.  To  this  end  tho 
data  wore  studied  with  the  following  objectives  in  mind: 

a.  To  determine  the  relative  importance  of  hull-girder  stresses  associated  with  the  rigid- 
body  motions  of  the  ship  as  against  those  associated  with  tho  flexural  vibrations  of  the  ship. 

b.  To  determine  whether  the  incidence  of  strain  variations  is  such  as  to  make  endurance 
strongth  an  important  design  consideration  in  hull  girder  design. 

c.  To  determine  typical  patterns  of  time-strain  variation  in  tho  hull  girder. 

d.  To  determine  the  pattern  and  incidence  of  bodily  ship  motions  such  as  heave,  pitch, 
and  roll.  In  particular,  it  was  desired  to  find  a sampling  period  and  sampling  intorval  which 
would  permit  valid  expansions  of  the  sampled  data. 

e.  To  ootain  some  idea  as  to  tho  regularity  or  lack  of  regularity  of  the  sea. 
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Figure  2 - Chart  of  tho  CASCO’s  Tost  Voyage 
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f.  To  compare  the  simultaneous  strains  in  the  hull  near  the  forward  quarterpoint  and 
near  amidships  to  determine  their  relative  severity  and  the  conditions  under  which  severe 
straining  of  the  hull  does  occur. 

g.  To  compare  measured  strains  with  those  computod  by  the  standard  strength  calcula- 
tion method. 

h.  To  determine  the  pattern  and  magnitude  of  pressures  acting  on  the  bow,  especially 
under  conditions  of  slamming,  and  to  observe  the  effect  of  slamming  on  hull  stresses  (strains)* 

The  several  items  of  instrumentation  used  in  these  tests  are  described  in  Appendix  3 
together  with  an  evaluation  of  their  performance. 

INSTRUMENT  INSTALLATION  AND  TEST  PROCEDURE 

In  general,  the  shipboard  instrument  installation  comprised  two  transverse  h-dts  of 
strain  gages,  one  near  Frame  41  and  one  near  Frame  61.  The  former  location  is  near  the  for- 
ward quarterpoint  of  the  ship,  and  the  latter  was  as  close  as  practical  to  the  midship  section, 
Frame  75.  In  addition,  a diaphragm  pressure  gage  was  installed  in  a plate  next  to  the  keel  at 
Frame  23;  prior  local  structural  damage  had  indicated  that  this  location  was  in  a region  of  rel- 
ativolylarge  impact  pressures.  The  ship’s  motion  recorders  and  the  roll  and  pitch  pickups  were 
installed  in  Compartmont  A207-1-L,  Frames  60-65. Table  1 gives  a list  of  the  gage  locations. 


TABLE  1 
Gage  Locations 


Station 

T ype  ol  Gage 

Location 

1 

Slum  Cyd«  Gage  107619 
Strain  Cycle  Gage  1C7621 
10-m.  Vaiuble  Inductance  Strain  Gage 
SR-4  Hue  Strain  Gage 

Vain  Deck  Longitudinal,  8 It  stbd.  40  m.  I*d  ot  F rare  6S 

Mam  Oeck  Longitudinal,  8 It  stbd.  S8  in.  Iwd  ol  Fure  65 

Mam  Deck  Longitudinal,  8 II  stbd.  74  m.  Iwd  ol  Frane  65 

Uam  Deck  Longitudinal,  8 II  stbd.  94  m.  Iwd  ot  F une  65 

2 

SR-4  Wire  Strain  Gage 

Uam  Deck  Longitudinal,  8 It  port  96  in  Iwd  ot  Fune  65 

3 

Strain  Cycle  Gage  10761  7 
Strain  Cyc  e Gage  107618 
SR-4  Wire  Strain  Gage 

Top  ol  Keel  3?  in.  Iwd  ol  Fume  65 

Topol  Keel  48  in.  Iwl  ol  Fiaoe  65 

Top  ot  Keel  66  m.  twd  ot  Fure  65 

4 

SR-4  Wire  Strain  Gage 

Ham  Deck  Longitudinal,  8 It  poll  40  in.  Iwd  ct  Fume  43 

5 

SR-4  Wire  Strain  Gage 

Vain  Deck  Longitudinal,  8 tt  stbd.  40  m.  Iwd  ot  Fune  43 

6 

SR-4  Wire  Strain  Gage 

T op  ot  Keel  40  m.  twd  of  Fuue  <3 

7 

Piessuie  Gage 

In  Shell  Strake  Adjacent  to  Keel  15  in.  Iwd  ol  Fuse  24 

9 in.  stbd  ol  centeilme 

8 

Schaevitr  Acceleiovelei  (to  e«asuie 
heave  accelerations) 

On  centeilme  ol  ship  74  in.  Iwd  ol  Frame  80 

22  m.  below  2nd  Dec 

• To  avoid  misunderstanding  later  on.  it  will  be  stated  bare  that  whenever  the  term  "mesaieed  stress”  ia  uaed  in 
this  report,  a stress  computed  on  the  basis  of  measured  strains  is  to  be  interred.  Whenever  the  term  slamming  is 
used,  it  denotes  the  phenomenon  in  which  the  ship’s  bottom,  near  the  bow,  first  comes  free  of  the  sea  and  then, 
aa  the  bow  descends,  is  subjected  loan  impact  by  the  oncoming  sea. 


Figure  5 - Strain  Gage  Installation  on  Top  of  the  Keel  near  Frame  65  (Station  3) 


Figure  6 - Strain  Gage  Installation  on  Main  Deck  Longitudinal(s),  near  Frame  65  (Station  1) 


were  installed  on  the  keel  and  on  two  main -deck  longitudinals. near  Frames  41  and  61.  Their 
output  was  recorded  b\  a string  oscillograph,  thus  permitting  simultaneous  measurement  of  all 
strain  signals.  The  mechanical  strain  c\cle  gages  were  located  next  to  the  S1I-1  strain  gage« 
as  shown  in  Figures  5 and  6,  to  permit  some  check  between  the  two  types  of  instrumentation. 

'I  he  strain-cycle  gages  were  installed  in  pairs  to  provide  a (’heck  on  each  other.  The  strain- 
cycle  gages  were  also  used  to  actuate  the  strain  totalizer  (see  Figure  7).  An  experimental 
10-in.  strain  gage,  utilizing  a differential  transformer,  was  installed  as  shown  on  the  right  in 
the  photograph  (Figure  6).  All  the  counting  and  recording  equipment  was  located  in  Compart- 
ncnt  A207-1-L,  the  central  station.  The  general  arrangement  ot  the  equipment  at  this  station 
is  shown  in  Figure  4;  photographs  of  the  various  items  of  interest  are  gisen  in  Figures  6 to  !). 


Figure  7 - Rack  Mounting  of  Time  (Strain) 
Totalizer,  Strain-Cycle  Counters,  and 
Strain-Cycle  Analyzer 


Figure  8 - Photograph  Showing  Installation  of 
Strain-Cycle  Counters,  Pallograph,  and 
Consolidated  Oscillograph 


See  Figure  4 (or  location  of  this  equipment. 


Section  B-U  of  Figure  4. 


The  general  procedure  during  the  tests  was  as  follows:  The  ship’s  motion  recorders 
wore  set  to  record  for  periods  of  2 min.  at  1-hr  intervals.  Oscillograph  records  of  strain  and 
pressure  variation  were  taken  at  random  intervals  or  whenever  there  appeared  to  he  a notice- 
able change  in  the  response  of  the  ship  to  the  sea;  in  addition,  a record  was  taken  every  eve- 
ning simultaneously  with  a record  of  the  motion  recorder.  An  average  of  three  oscillograms 
was  obtained  each  day.  A photograph  of  the  counter  readings,  similar  to  Figure  7,  was  taken 
every  evening.  The  strain-cycle  counters  and  the  time  totalizers  were  photographed  at  regu- 
lar intervals  of  time.  The  difference  of  the  readings  between  successive  photographs  gives 
the  number  of  strain  .variations  that  have  occurred  w ithin  the  corresponding  interval.  Occa- 
sional vibration  measurements  were  made  by  moans  of  the  TMb  Pallograph.6  Wind  and  save 
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Figuro  9 - Photograph  Showing  Installation  of  TMB  Automatic  Ship’s  Motion  Recorder 
and  of  the  Now  York  Material  Laboratory  Ship’s  Motion  Recorder 

Section  C-C  o f Figure  4. 
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data  were  obtained  from  the  professional  weather  observers  who  recorded  their  data  at  3-hr 
intervals  throughout  the  trials. 


PRESENTATION  OF  DATA 


All  the  time-base  data  were  obtained  from  either  the  ship’s  motion  recorders  or  from  the 
Consolidated  oscillograph  records;  typical  records  are  reproduced  in  Fiqure  10.  These 
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Figure  10  - Oscillograms  Recorded  During  the  CASCO  Trials,  Indicating 
the  Maximum  Values  Recorded  Throughout  the  Trials 


Wt/. 


12 


oscillograms  were  analyzed  in  terms  of  the  number  of  positive  and  negative  variations  that 
had  occurred  in  a given  interval.  A variation  is  hero  defined  as  the  magnitude  of  tho  change 
in  tho  measurod  quantity  between  a maximum  and  the  succeeding  minimum  and  vico  versa;  see 
Figure  11.  This  quantity,  rather  than  the  amplitude,  was  adopted  for  the  sake  of  oxpodiency 
because,  in  general,  successive  cycles  did  not  have  the  same  amplitude  and  because  tho  moan 
level  about  which  the  variations  occurred  diffored  to  somo  extent.  A positive  variation  is  de- 
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fined  as  a variation  in  the  positive  direction.  For  example,  positive  heaving  acceleration  was 
defined  as  an  acceleration  in  the  direction  of  gravity;  thus  a positive  variation  in  heave  de- 
notes an  acceleration  in  the  downward  direction.  It  will  be  shown  later  that,  in  the  ovor-all 
analysis,  thoro  will  be  about  an  equal  number  of  positive  and  negative  variations.  Thorofore 
to  obtain  the  total  number  of  cycles  it  will  be  nearly  correct  to  add  the  positive  and  nogative 
variations  and  divide  this  sum  by  two. 

In  ordor  to  presont  an  over-all  picturo  of  tho  environmental  conditions  encountered  and 
of  the  ship’s  rosponse  thoreto,  a number  of  quantities  are  plotted  against  time  (Figuro  12)  for 
tho  ontire  duration  of  the  voyage.  The  method  of  reporting  weather  and  wave  conditions  used 
by  the  weather  observers  is  givon  in  Reference  7. 

The  TMB  automatic  ship’s  motion  recordor8  recorded  data  at  hourly  intervals  for  a dura- 
tion of  2 min.  Theso  data  wero  analyzed  in  terms  of  the  number  of  variations  that  had  occurred; 
the  result  of  this  analysis  is  given  in  Figuro  13.  To  shorten  the  time  required  for  data  analy- 
sis, one  24-hr  poriod  was  solocted  and  an  analysis  was  mado  of  the  heave  accelerations  meas- 
ured during  this  period  utilizing  overy  sample,  every  second  samplo,  third  sample,  fourth  sam- 
ple, etc.  in  an  attempt  to  find  the  greatest  sampling  interval  which  would  give  about  the  same 
distribution  pattern  as  would  be  obtainod  with  hourly  samplos.  It  was  found  sufficient  for  the 
purpose  here  to  analyze  every  third  sample.  For  the  heave  acceleration  (Figure  13e),  all  sam- 
ples were  utilized.  For  the  other  quantities  every  third  sample  was  used.  Each  of  the 
amplitude-froquency  distribution  curves  (Figure  13)  gives  the  total  sampling  time  as  well  as 
the  maximum  value  that  was  measured  at  any  time  throughout  the  tests.  These  maximum  values 
are  also  tabulated  in  Table  2 togother  with  the  simultaneous  values  of  the  other  measured 
quantities.  (Tell  continued  oo  page  17.) 
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Total  number  of  variations  (including  both  negative  and  positive  variations). 
The  magnitudes  associated  with  these  levels  are  given  in  Figure  13. 
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•Total  number  of  variationa  (including  both  negative  and  positive  variations). 
The  magnitudes  associated  with  these  levels  are  given  in  Figise  13. 


Figure  12  • Ship  Motions,  Stressos,  end  Environmental  Conditions  Plotted  against  Time 
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Figure  13a  - Roll  Angle 

Maximum  obaerved  valim:  15.5  deg.  to  port,  22  deg. 
to  starboard;  total  roll  37.S  deg.  Time  of  maximum 
observed  value:  1300,  16  March  1951-  Total  aam- 

pling  lime:  29040  aec.  Teat  period:  30  days. 


Figure  13b  - Pilch  Angle 

Maximum  observed  value:  204  deg.  double  ampli- 
tude. Time  of  maximum  observed  value:  2 000.  12 
March  1961.  Total  sampling  time:  2 9040  sec.  Test 
period:  30  days. 
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Figure  13c  - Roll  Acceleration 

Maximum  obaerved  value:  0.26  rsd/sec^  double  am- 
plitude. Time  of  maximum  obaerved  value:  1300,  16 
March  1951.  Total  sampling  time:  29040  sec.  Test 
nerlod-  30dava. 
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Figure  13d  • Pitch  Acceleration 
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Maximum  observed  value:  0.254  rad/sec  double  am- 
plitude. Time  of  maximum  observed  value:  2000,  12 
March  1951.  Total  sampling  time:  29040  sec.  Test 
period:  30 days. 
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Figure  13«  - Heave  Acceleration 

Maximum  observed  value;  0.51  g double  amplitude. 
Time  of  maximum  observed  value:  2000,  12  March  19S1 
Total  sampling  time;  91080  see.  Test  period:  30 
days. 
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Figure  13  - Frequency  Distribution  of  Roll,  Pitch,  and  Heave 

l his  figure  gives  the  number  of  variations  of  given  amplitudes  that  were  measured  throughout  the 
total  time  during  which  measurements  were  made  (sampling  time).  The  number  of  total  cycles  of  mo- 
tion may  be  obtained  by  dividing  the  number  of  variations  by  two. 


The  ship-motion  data  were  examined  further  to  study  the  feasibility  of  presenting  such 
data  in  terms  of  probability  curves.  It  was  found  possible  to  do  so;  Figure  27  of  Appendix  4 
gives  the  resulting  curves. 

Sample  oscillograms  are  shown  in  Figure  10.  Those  oscillograms  were  obtained  under 
some  of  the  more  severe  conditions  that  were  encountered;  they  will  be  discussed  in  the  next 
section. 

The  data  obtained  by  the  strain-cycle  counters  are  given  in  Figures  2S  and  29  of  Appen- 
dix 4;  Figure  28  gives  the  cumulative  counts  whereas  the  incremental  counts  made  each  day 
are  shown  in  Figure  29. 


DISCUSSION  AND  EVALUATION  OF  DATA 

Although  the  motions  of  a ship  and  the  strains  in  the  ship  are  related  to  each  other,  it 
will  be  of  advantage  here  to  discuss  these  two  types  of  data  separately  and  then  perhaps  to 
examine  their  relationships. 

SHIP  MOTIONS 

Examination  of  the  motion  records  obtained  with  the  TMB  automatic  ship’s  motion  re- 
corder permits  the  following  rather  general  observations. 


Measured*  on  USCGC  CASCO 


•All  values  represent  double  amplitudes;  numbers  in  parentheses  sre  the  maximum  values  measured  throughout  the  tests.  Data  listed  on  the  same 
horizontal  line  are  (or  simultaneous  measurements. 


19 


a.  The  heaving  and  pitching  motions  appear  to  be  closely  related  when  the  sea  is  rela- 
tively rough;  under  theso  conditions  the  oscillograms  are  similar,  and  the  poriodicity  of  these 
motions  is  generally  about  the  same.  Undor  certain  sea  conditions  (for  oxample  at  1900  and 
220C  on  26  March)  the  timo-variation  pattern  of  tho  pitching  angle  appoars  quite  different  from 
the  time-variation  pattorn  of  hoaving  acceleration  although  the  pitching-acceleration  and 
heaving-acceleration  oscillograms  still  indicate  similar  frequency  contont. 

b.  The  time  interval  between  successive  rolls,  as  taken  from  the  record  of  roll  anglo, 
varied  from  6.6  to  12  sec  throughout  tho  trials,  with  most  of  the  rolls  varying  betweon  10  and 
12  sec.  The  computed  natural  period9  is  10.8  sec.  It  appears,  therefore,  that  the  rolling  peri- 
od of  this  ship  did  not  depart  greatly  from  the  natural  period  of  rolling. 

The  time  interval  between  successive  pitching  motions,  as  taken  from  the  records  of 
pitch  angle,  varied  from  4.6  to  20  sec  for  tho  time  covered  by  the  sea  trials.  An  approximate 
computation  gave  a natural  pitching  period  of  5 sec.  Although  most  of  the  measured  pitching 
motions  were  associated  with  periods  from  4.5  to  6 sec,  fairly  steady  pitching  motions  of  much 
longor  periods  were  encountered  occasionally.  The  average  wave  periods,  as  estimated  by 
the  weather  observers,  ranged  from  5 to  10  sec;  see  Figure  12c.  The  ship’s  course  relative 
to  the  waves  varied  over  a wide  range,  as  indicated  in  Figure  12b,  and  therefore  the  “appar- 
ent wave  period”  also  covered  a wide  range.  It  may  be  inferred  that  the  ship’s  pitching  peri- 
od is  greatly  influenced  by  the  “apparent  period”  of  the  waves.  In  short,  the  ship  tended  to 
roll  at  a period  close  to  its  natural  period  of  roll  but  to  pitch  at  the  period  of  the  forcing 
moments. 

c.  The  time  interval  between  successive  peaks  of  hoaving  acceleration  was  from  4.2  to 
7.5  sec.  However,  if  this  acceleration  signal  were  integrated  twice  to  give  the  heaving  dis- 
placement, thon  tho  resulting  displacement  probably  would  show  the  same  general  pattern  of 
time  variations  as  the  record  of  angular  pitching  displacement.  The  natural  heaving  period 
was  computed  to  be  approximately  5.3  sec. 

d.  Ir.  general,  it  was  found  that  whon  tho  pitching  motion  was  large,  the  heaving  motion 
was  also  large  (although  their  maxima  do  not  generally  occur  simultaneously)  but  the  roll  was 
relatively  less  severo.  On  the  other  hand,  when  the  rolling  motion  was  quite  severe,  the  heav- 
ing and  pitching  motions  wore  not  very  large.  The  probability  is  thaf  the  most  severe  pitching 
and  rolling  motions  will  not  occur  simultaneously,  and  for  design  purposes,  simultaneous  max- 
imum valuos  of  these  quantities  need  not  be  assumed. 

The  following  comments  concerning  the  transducers  are  in  order.  The  individual  linear 
accolerometers  measure  accelerations  perpendicular  to  their  eases,  and,  if  the  ship  rolls,  the 
heaving  acceleration  measured  is  the  component  parallel  to  tho  instantaneous  centerline  piano 
of  the  ship.  The  heave  accelerometer  will  also  be  affected  by  the  change  in  the  component  of 
gravity  along  its  sensitive  axis.  The  error  due  to  the  latter  cause  is  generally  not  serious  ex- 
cept for  tho  larger  angles  of  roll;  for  the  largest  measured  rolling  angle  (17.7  deg.  single 
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amplitude)  this  effect  would  give  an  apparent  heave  acceleration  of  0.05  g which,  in  this  case, 
amounted  to  an  error  of  about  20  percent  in  the  measured  heave-acceleration  signal.  The  im- 
portance of  this  typo  of  error  is  minimized  by  the  observation  made  in  (d)  preceding,  namely, 
that  the  most  severe  hoaving  and  rolling  motions  will  probably  not  occur  simultaneously.  If 
desired,  correction  for  such  effects  can  readily  be  made,  provided  that  the  oscillogram  is 
available.  In  measuring  angular  accelerations,  the  effects  due  to  the  change  in  the  gravity 
field  or  duo  to  linear  accelerations  are  canceled  out. 

An  inspection  of  the  frequency  distribution  of  the  cyclic  variations  in  ship  motions, 
Figures  13a  to  13e,  shows  that  in  each  case  there  are  nearly  as  many  positive  variations  of 
a given  magnitude  as  there  are  negative  variations.  The  data  given  in  those  figures  have  also 
been  further  analyzed  in  order  to  study  the  feasibility  of  presenting  such  data  in  terms  of  prob- 
ability curves.  It  was  found  that  the  ship  motion  data  did  fall  into  a normal  (Gaussian)  dis- 
tribution pattern;  see  Figure  27  in  Appendix  4. 

The  presentation  of  data  in  the  form  of  probability  curves,  as  in  Appendix  4,  lends  itself 
roadily  to  engineering  applications.  For  example,  if  it  were  desired  to  design  some  piece  of 
equipment  to  operate  properly  for  95  percent  of  the  time  at  sea  and  if  the  angle  of  pitch  were 
a salient  characteristic  in  the  design  requirements,  then  from  Figure  27  of  Appendix  4 it  can 
bo  seen  at  once  that  95  percent  of  the  time  the  anglo  of  pitch  will  be  less  than  7.6  deg.  Of 
course,  the  curves  given  hero  are  valid  only  for  the  particular  conditions  and  type  of  ship 
from  which  they  were  derived.  A great  mass  of  similar  data  covering  a wide  variety  of  sea 
conditions  and  ship  types  would  need  to  be  obtained  in  order  to  cover  the  various  possible 
combinations  that  would  be  of  interest.  However,  if  the  distribution  pattern  is  found  to  hold 
gonerallv,  this  type  of  statistical  prosontation  doos  give  the  required  salient  information  in  a 
concise  manner  from  a mass  of  data.  Automatic  counting  and  tabulating  devices  reduce  the 
labor  required  in  collecting  and  analyzing  such  data  sufficiently  to  make  its  utilization  prac- 
tical. 

WIND  AND  WAVES 

It  was  found,  during  these  tests,  that  the  direction  of  wind  and  waves  coincided  fairly 
well;  see  Figure  12a.  All  weather  and  wave  data  were  obtained  from  the  official  weather  ob- 
servers stationed  on  the  CASCO.  In  order  to  obtain  some  estimate  of  the  length  and  velocity 
of  the  waves,  the  following  Rankino10  formulas  for  waves  in  deep  water  will  be  applied  to  the 
estimated  wave,  periods  plotted  in  Figure  12c. 

Length  of  the  Wave,  L =5.12  T 2 ft,  and 

Velocity  of  the  Wave,  V =5.12  T ft/sec 
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v,hore  T is  the  period  of  the  wave  in  seconds.  The  wave  period  varied  Iron  5 to  10  see;  there- 
fore tho  estimated  value  of  / , would  range  from  128  to  512  ft  and  that  of  V would  range  lion 
25.5  to  51.2  ft/sec. 

The  maximum  wave  heights  of  16  ft,  observed  on  11  'larch,  corresponded  to  an  esti- 
mated period  of  about  8 see;  for  these  waves,  Kankine’s  formulas  give  l,  »>  2, 30  ft  and  l'  - 11 
ft/sec.  The  heading  of  the  ship  relative  to  the  wave  crest  was  50  deg.  at  this  time;  therefore* 
the  apparent  length  of  the  wave  was  about  330,  cos  50  deg.  - 510  ft.  If  the  ship  had  been 
headed  directly  into  the  waves,  the  stressing  of  the  hull  girder  would  have  been  much  more*  se- 
vere since  the  length  of  the  wave  (330  ft)  would  then  have  been  neatly  equal  to  the  lengtl  of 
the  ship  (300  ft). 

HULL  STRESSES  AND  PRESSURES 

On  12  March  between  1800  and  2000,  the  hull  stresses,  pitching  motions,  and  heaving, 
motions  were  the  most  severe  recorded  during  the  entire  trip  (see  Table  2 and  Figure  10).  At 
this  time  the  wave  period  varied  from  about  5 to  7 sec,  tho  “mean  maximum  «'ave  heights 
were  about  14  ft,  and  the  ship’s  course  relative  to  the  wavefronts  was  about  15  degrees,  that 
is,  the  vessel  was  almost  directlv  headed  into  the  waves.  Application  of  Kankine’s  formulas 
yields  apparent  wavelengths  from  130  to  260  ft  anti  wave  velocities  from-  25  to  36  ft  'sec.  The 
length  of  the  CASCO  is  300  ft  between  perpendiculars,  and  it  is  therefore  probable  that  the 
maximum  stresses  were  realized  with  a wavelength  which  approached  the  length  of  the  ship. 

The  largest  strain  and  pressure  variations  recorded  throughout  the*  tests  are  listed  in 
Table  2.  The  corresponding  oscillograms,  shown  in  Figures  10c,  d,  and  e,  are  typical  of  the 
pattern  usually  recorded.  Inspection  of  the  oscillograms  shows  that  tlie  stresses  associated 
with  tho  rigid-body  motions  of  the  ship  are  much  larger  than  the  higher  frequency  stress  vari- 
ations due  to  flexural  vibration  of  the  hull  subsequent  to  slamming  of  the  bow.  They  also 
show  that  the  press ure  rocorded  by  the  pressure  gage  at  the  bow  does  on  occasion  indicate 
atmospheric  pressure  (a  flat  top  on  tho  galvanometer  trace),  evidence  that  tho  ship’s  bottom 
has  come  clear  of  the  water  as  in  the  photograpli  shown  in  the  frontispiece;  this  is  followed 
by  a vory  largo  pressure  variation  duo  to  impact  between  the  ship’s  bottom  and  tho  oncoming 
wave.  Tho  rapid  pressure  variations  at  the  beginning  of  the  impact  are  quite  large  and  on 
occasion  do  include  an  initial  negative  pressure  (cavitation)  approaching  an  absolute  vacuum. 
Subsequent  to  the  impact,  a flexural  vertical  vibration  of  the  ship  in  its  fundamental  mod'*  oc- 
curs as  indicated  by  the  higher  frequency  strains  suporimposod  on  the  slower  normal  strain 
variations.  This  flexural  vibration  could  also  be  distinctly  felt  as  a “shudder”  running 
through  tho  ship  subsequent  to  the  slamming  of  the  bow  against  the  sea. 

The  frequency  of  this  flexural  vibration,  as  indicated  by  strain  and  vibration  measure- 
ments, was  about  150  cpm.  The  computed  natural  frequency  of  vertical  flexural  hull  vibration  for 
this  ship, neglecting  the  rigidity  of  the  superstructure,  is  120  cpm  for  tho  two-nodod  mode  of 
vibration.  It  will  be  shown  later  that  the  rigidity  of  the  superstructure  should  not  be  neglected. 
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The  diaphragm  of  the  pressuro  gage  was  subjected  to  a permanent  sot  in  tho  intorval 
between  1600  and  1740  on  12  March,  due  to  large  pressures  causod  by  slamming.  This  "set” 
caused  a large  shift  in  the  zero  position  of  its  galvanometer  trace;  however,  the  gago  performed 
satisfactorily  for  the  remainder  of  the  trials  and  furnished  much  additional  valuable  data.  It 
was  necessary  to  recalibrate  the  gage  after  returning  to  the  laboratory  and  to  utilize  the  new 
calibration,  which  gave  about  half  the  sensitivity  of  the  original  calibration,  for  the  portion  of 
the  data  obtained  after  the  permanent  set  had  occurred.  The  gage  had  been  dosigned  and  cali- 
brated with  statically  applied  pressures  up  to  100  psi.  Approximate  calculations,  based  on 
the  theory  of  plasticity1 1 and  the  known  permanent  set  of  the  diaphragm,  indicate  that  the  ef- 
fective static  pressure  causjng  tho  measured  set  of  the  diaphragm  was  in  excess  of  265  psi.* 
The  ruptures  of  bottom-plating  panels  that  have  occurred  in  the  region  in  which  the  pressure 
gage  was  located  are,  no  doubt,  duo  to  the  large  pressures  incident  to  slamming  action  in  a 
seaway.  It  is  interesting  to  note  that  relatively  large  hull  stresses  were  measured  at  tho  same 
time  that  slamming  was  prevalent. 

It  was  stated  previously  that  strain  measurements  were  made  by  moans  of  the  strain- 
cycle  counters  as  well  as  by  oscillographic  recording  of  strain  variations  In  order  to  present 
the  strain  data  in  a compact  form  useful  for  evaluating  the  fatigue  strength  requirements  oi 
ship  hulls,  the  strain  variations  counted  by  the  strain-cycle  counters  have  been  presented  as 
cumulative  counts  for  each  day  as  well  as  in  terms  of  tho  numbor  of  counts  made  each  day; 
see  Figures  28  and  29  of  Appendix  4.  The  data  for  tho  4000-  to  8000-psi  range  show  a large 
discrepancy  between  the  numbor  of  variations  measured  by  the  two  adjacent  gages.  The  expla- 
nation is  simple.  The  accuracy  of  setting  the  strain-cycle  gage  was  within  about  300  psi; 
therefore  the  indication  is  that  the  difference  in  the  number  of  counts  registered  by  the  two 
gages  represents  cyclic  variations  of  a magnitude  very  nearly  equal  to  the  lower  limit  of  the 
corresponding  range.  For  example,  in  Figure  28b  of  Appendix  4 most  of  the  variations  indi- 
cated by  Counter  101  were  about  4000  - 300  psi  and,  at  the  most,  13  1/2  cyclos  of  about  8000 
psi  could  have  occurred  throughout  the  trials. 

Similar  graphs  of  occurrence  rates  for  the  number  of  cyclic  variations  of  stresses,  pres- 
sures, and  motions,  as  derived  from  tho  oscillograph  and  ship-motion-recorder  records,  aro 
shown  in  Figures  12h,  i,  j,  and  k.  Inasmuch  as  some  of  the  occurrence  rates  are  based  on  a 
very  limited  number  of  samples,  little  reliance  can  be  placed  on  the  values  given.  However, 
the  data  give  some  idea  of  the  ordor  of  magnitude  involved.  It  can  be  concluded  from  theso 
analytical  data  that  endurance  strength  may  need  to  be  considered  in  the  longitudinal  strength 
design  of  ships. 

The  strain  data  indicate  that  tho  mean  lovel  of  strain  remains  nearly  constant.  Tho 
change  of  mean  strain  level  due  to  change  in  loading  can  be  computed  fairly  readily,  and  it  is 
therefore  concluded  that  for  shipboard  measurement  it  will  be  sufficient  to  classify  strain 


Pressure*  of  this  magnitude  must  be  of  relatively  short  duration  and  extend  over  very  limited  ares  of  plating. 
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variations  according  to  the  magnitude  of  the  variation  only,  that  is,  the  additional  automatic 

classification  by  mean  strain  level  may  be  omitted. 

Figures  12e,  f,  and  g give  the  peak,  vaiuos  of  (a)  stresses  measured  by  the  SR*4  gages 
at  Station  5 (main-deck  longitudinal  near  ship’s  forward  quarterpoint)  and  Station  3 (keel, 

Frame  61),  (b)  prossure  at  the  bow,  and  (c)  rolling,  heaving,  and  pitching  accelerations  for 
every  day  of  tho  trials.  The  plots  for  heave  acceleration,  pressure,  and  stresses  show  a 
strong  rosemblance  to  one  another. 

Examination  of  the  maximum  stress  variations  measured  (see  Table  2)  show  that  the 
actual  magnitudes  wore  not  great,  i.e.,  4 700  psi  associated  with  the  rigid-bod  \ motion  of  the 
ship  and  1400  psi  associated  with  the  flexural  vibration  of  the  ship  subsequent  to  slamming. 

It  was  noted  from  inspection  of  the  data  in  Table  2 that  the  ratio  of  stress  in  the  main-deck 
longitudinal  to  that  in  the  keel,  measured  near  the  forward  quarterpoint  of  the  ship  (Frame  41), 
was  substantially  different  for  the  vibratory  stresses  subsequent  to  slamming  than  for  those 
stresses  duo  to  the  rigid-body  motion  of  the  ship.  This  indicates  nonlinear  strain  variation 
of  the  hull  when  subject  to  slamming.  This  fact  is  of  considerable  interest  and  is  discussed 
in  Appondix  2.  Although  the  tests  were  not  arranged  to  study  this  particular  phenomenon; 
novortheless,  it  seems  advisable  to  call  attention  to  this  observation.  It  should  be  remember- 
ed that  the  alternating  stresses  associated  with  the  flexural  vibration  due  to  slamming,  al- 
though of  a low  ordor  of  magnitude  (about  1400  psi),  are  nevertheless  many  timos  the  stresses 
incident  to  ordinary  hull  flexural  vibrations. 

It  was  of  interest  to  determine  the  position  of  the  neutral  axis  in  longitudinal  bending 
of  the  hull,  for  both  hog  and  sag  conditions,  on  the  basis  of  the  strain  measurements  as  record- 
ed by  the  Consolidated  oscillograph  (strains  associated  with  the  rigid-body  motions  of  the 
ship).  For  this  purpose  a number  of  simultaneous  stress  measurements  were  analyzed  cover- 
ing the  range  from  about  1000  to  5000  psi,  double  amplitude.  The  results  of  this  analysis  are 
shown  in  Figure  14.  It  is  readily  apparent  that  over  the  range  of  stresses  available  for  study, 
the  position  of  the  neutral  axis  at  Frame  61  remains  sensibly  fixed  in  the  ship  for  both  hog 
and  sag  conditions  of  loading.  The  position  of  the  neutral  axis  at  Frame  41  was  more  diffi- 
cult to  check,  probably  due  to  the  rather  low  magnitude  of  the  low-frequency  strain  variations 
at  the  keel.  Comparison  of  the  position  of  the  neutral  axis  as  computed  from  plans  with  that 
computed  on  the  basis  of  strain  measurements  indicates  that  the  superstructure  contributes 
appreciably  to  the  longitudinal  bending  rigidity  of  the  hull.  This  is  discussed  further  in  Ap- 
pendix 1. 


EVALUATION  OF  HULL  STRENGTH  CALCULATIONS 

An  attempt  will  be  made  in  this  soclion  to  explain  why  tho  magnitudes  of  the  measured 
hull  girder  strossos  were  relatively  so  small  when  the  static  strength  calculations  would  lead 
one  to  expect  much  larger  values.  The  lack  of  agreement  of  the  stress  distribution  at  Frame  41, 
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Stress  Variation  ot  Top  of  Keel  ( Station  3)  in  pounds  per  squore  inch 
•Puget  Sound  Naval  Shipyard  Plans  used:  AVP  1011-2907-2,  AVP  1 011-2907-3,  and  AVP1  013-1  111-2- 

Figure  14  • Location  of  Neutral  Axis 

under  conditions  of  slamming,  with  that  expected  according  to  simple  beam  theory  will  also  be 
touched  upon. 

The  Largest  strains  and  hull  motions  were  measured  between  1800  and  2000  on  12  March; 
seo  pages  10  and  11.  The  waves  which  gage  rise  to  those  stresses  were  estimated  to  bo  260  ft 
long  and  14  ft  high.7  It  is  reasonable  to  assume  thatthe  maximum  measured  heave  and  pitch  mo- 
tions as  well  as  the  maximum  hull  strains  occurred  during  the  passage  of  a single  large  wave.* 
Inspection  of  the  sample  oscillograms,  Figure  10,  shows  that  there  are  a number  of  large 
cyclic  variations  of  stresses  and  motions  in  a relatively  short  span  of  time  and  that  their  peak 
values  do  not  differ  greatly.  The  assumption  will  therefore  bo  made  that  the  maximum  meas- 
ured values  of  heave  and  pitch  accelerations  and  hull  strains  occurred  while  the  ship  passed 
through  a wave  260  ft  long  and  14  ft  high.  Figure  15  shows  the  bending  moment  and  shear 

•The  assumption  is  supported  by  the  fact  that  the  maximum  measured  pitch  angle  during  the  same  time  interval 
was  about  20  deg.  as  compared  with  a compiled  pitch  a ngle  of  16  1/3  deg.  double  amplil  ude  for  Case  8 combined 
with  Case  6,  Table  3- 
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TABLE  3 


Computed  Hull  Girder  Loading  for  a Number  of  Selected  Attitudes  of  Ship  and  Wave 


Assuned  Condition 
ot  Ship  on  live* 

Angle  between  Line 
ol  Centeis  ol  Rolling 
Cude  and  Keel** 

Bending  Monent 
H,  It -tons 
Shell  V,  tons 
Fleiuiil  Stiess 
o.  psi*** 

Bending  Uor  ent,  Shell,  and  SI  'esses 

kacinua 

Value 

Location  ol 
Uai  imur. 

It  lior  bow 

j FfjrcelO 

Fine  41 

Fume  42 

Fiane  57 

| Frjf.e  61 

| Fr a*e  ,1.5 

Section  Modulus  Used  «as  Computed  at  Ftane 
40  (without  deckhouse)  see  Figuie  14. 

Section  Uodolos  Used  was  Competed  at  Fuat 
57  (with  deckhouse)  see  Figuie  14. 

Stilt  Hitei 

V 

-2800 

-290C 

-3000 

— 45CC 

-4900 

-52CC 

-5100 

-5200 

114.9 

Zeio  Acceleiation 

C deg  • 0 nm. 

V 

46 

39 

33 

66 

45 

17 

-23 

72 

102.5 

i 

(Static) 

-96 

190.7 

a UlinDeck 

• 1660 

.1140 

• 1210 

Keel 

-1410 

- 1390 

14  7C 

Sag  Bon  Up 

1 deg.  • 40  am 

47 

4200 

4 800 

5200 

11.600 

13.200 

16.200 

16.9C0 

17.0CC 

157 

V 

-150 

-20* 

-216 

186 

-168 

107 

-55 

-2J5 

95 

Zeio  Acceleiation 

303 

225 

2 

(Static) 

a Klin  Deck 

-2740 

3050 

-3760 

Keel 

.2320 

•3750 

.4580 

Hog  Bow  Oown 

2 deg.  • 10  ain. 

M 

-8900 

-9230 

-9700 

-17,400 

19.300 

—-ft.JOG 

J5.550 

-22. SCO 

150 

V 

250 

250 

248 

269 

227 

51 

13 

299 

105 

3 

Zeio  Acceleiation 

284 

2CC 

(Static) 

a Mam  Deck 

• 5250 

.4480 

.5170 

Keel 

445C 

5460 

—63 1 C 

Sagging 

0 deg.  - D cn«. 

H 

2900 

33CO 

3700 

10.800 

12,600 

17.6CO 

19,100 

22.300 

172.5 

4 

V 

-171 

-194 

-213 

-222 

-226 

-216 

-170 

-24  C 

135 

Zeio  Tim 

379 

22? 

a Warn  Deck 

-1880 

-2920 

-4  080 

Keel 

•1600 

• 3560 

•4  580 

Sagging 

Odeg.  • 55  am. 

V 

5700 

63C0 

6800 

15.400 

17.7CO 

22.900 

24,200 

25,600 

169 

V 

-245 

-263 

-278 

-270 

-267 

21 C 

-160 

-307 

92 

5 

Bow  Up 

415 

225 

a Him  Deck 

-3600 

-4100 

5250 

Keel 

• 3050 

• 5000 

• 6450 

Sagging 

-3  deg.  • 35  ain. 

U 

5900 

6300 

6800 

13,700 

14.700 

16.600 

16.900 

17.00C 

153 

V 

-7Vi 

-245 

-257 

-140 

-118 

-35 

10 

268 

9C 

6 

Bow  Down 

263 

225 

a Main  Deck 

-3600 

-341C 

3 esc 

Keel 

• 30SC 

*4150 

•4  7C0 

Hogging 

Odeg.  ■ 0 am. 

H 

6600 

-7000 

-74  00 

-13.900 

-1 6,000 

1S.3C0 

18.6C0 

-18.700 

152 

V 

196 

198 

199 

230 

195 

68 

f 

713 

109 

7 

Zeio  Turn 

253 

201 

a Him  Deck 

•4000 

•3700 

•4250 

Keel 

-33  90 

-4530 

-5180 

hogging 

12  deg.  • 45  am. 

U 

-1500 

-1650 

-1800 

-6000 

7300 

-1C. 200 

-10,600 

— 10.800 

163 

V 

87 

91 

96 

190 

179 

94 

67 

191 

113 

Bow  UP 

-150 

200 

s 

o I4im  Deck 

• 940 

• 1690 

• 2370 

Keel 

-8C0 

-2060 

-2890 

Note  The  shell  and  be'dmg  aomenl  values  lie  liken  lion  Figuie  IS.  The  sign*  ol  *r  and  V lie  liken  in  the  conventional  sense. 

•The  »essei  is  assumed  to  encountei  i »i»t  260  tt  long  and  14  li  high.  Unless  otheiwise  noted  I he  ship  is  assumed  lo  hive  in  mstintineous  pitch  iccelention  ol  0 125  tad/sec:,  i helve 
iccelenlion  cl  0.25 « gtavity  upend  in  sig  ind  0J5  * ftavity  downwaid  in  hog.  These  iccelenlions  ne  the  aiiiauo  iccelentions  aeasuied. 

••A  tiochotdil  wave  is  assuaed  heie.  The  line  ol  centeis  leleis  to  the  locus  ol  the  centei  ol  Ihe  lolling  cude  genentmg  the  wive  piolile. 

••'The  stress  is  computed  it  the  aim  deck  ind  the  bottom  ol  the  keel  The  incitien  o?  t"e  ens  is  liken  is  P ! It  ”d  ! 1 .?  I!  nh-.-v  ;is»  ime  ir,  nsr^s  *•  4;.  c..T.w>c>t. 
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5.  Sagging,  bow  up 
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7.  Hogging,  zero  trim  8-  Hogging,  bow  up 

15a  - WeigK,  Load,  and  Buoyancy  Cirves  • The  Ship’s  How  is  Located  at  Station  Zero 
( ibfc  weigiil  curve  ia  a plot  of  the  "effective"  weigiil  vitaitibuiion  as  explained  on  page  ^6). 
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1.  Still  water,  zero  acceleration  (static) 


2.  Sag  bow  up,  zero  acceleration  (static) 
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3.  Hog  bow  down,  zero  acceleration  (static) 


4.  Sagging,  zero  trim 


5.  Sagging,  bow  «g> 


6-  Sagging,  bow  down 


7.  Hogging,  zero  trim 


8.  Hogging,  bow  up 


F igxre  ISb  - Shear  and  Bending  Moment  Curves  - The  Ship's  Bow  is  Located  at  Station  Zero 


Figure  15  - Load,  Shear  and  Bending  Moment  Curves  for  a Number  of  Assumed  Positions 
of  the  Ship  on  a 260-FooULong,  14-Foot*High  Wave 

Weight  curve  is  considered  negatives  All  other  ewes  + or  - as  plotted.  See  Table  3. 
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curves  for  the  various  possible  combinations  of  the  maximum  heave  and  pitch  motions.  These 
curvos  wore  computed  by  a procedure  designed  to  follow  the  standard  strength  calculation1 2 
as  closely  as  practicable.  The  mathematical  development  of  this  procedure  is  given  on  pages 
19  to  23  of  Reference  13.  The  main  stops  are  as  follows: 

a.  An  effective  weight  curve*  is  obtained  for  each  case  by  multiplying  the  actual  weight 
curve  by  tho  acceleration  duo  to  heave  and  pitch  in  gravity  units  (the  direction  of  the  acceler- 
ation is  reversed  according  to  d’Alembort’s  principle). 

h.  The  ship  is  so  orionted  on  the  wave  (260  ft  long,  14  ft  high)  to  satisfy  the  following  equ 
librium  requirements: 

1.  The  total  effective  weight  must  equal  the  total  buoyant  forco. 

2.  Tho  longitudinal  position  of  the  center  of  buoyancy  must  coincide  with  the 
longitudinal  position  of  the  center  of  area  of  the  effective  weight  curve. 

In  addition  to  the  various  selected  dynamic  conditions  listed  in  Table  3,  the  bending 
moment  and  shear  curves  were  also  computed**  for  the  following  referee^'  gosiliflos; 

1.  With  the  ship  in  still  water. 

2.  With  tho  ship  in  tho  hog  and  sag  condition*  v»i  a trochoidal  wave  260  ft  long 
and  14  ft  high,  using  the  standard  pro-'.luro  of  assumine  the  ship  to  be  in  static 
equilibrium  on  the  wffT,.,  i.e.,  neglecting  all  inertia  effects. 

The  bending  moments  and  shear  forces  thus  computed  at  several  selected  longitudinal 
positions  are  taken  from  the  curvos  of  Figure  15  and  are  listed  in  Table  3.  The  strain  meas- 
urements on  tho  CASCO  wore  made  near  Frames  41  and  61.  The  position  of  tho  noutral  axis, 
basod  on  tho  measured  strains,  was  used  to  compute  *he  hull  girder  stresses  at  Frames  41  and 
61.  The  contribution  to  hull  strength  by  the  deckhouse  was  considered,  as  discussod  in  Ap- 
pendix 1.  It  appoars  from  a study  of  both  ship  strains  and  motions  that,  for  the  case  of  the  max 
imum  observed  motions,  the  vessel  is  in  a hogging  position  with  tho  bow  up  followed  by  a 
downward  motion  of  the  bow  as  it  meets  the  next  oncoming  wavo.  Therefore  the  combinations 
most  likely  to  approximate  actual  conditions  would  be  somewhere  between  Condition  8 togeth- 
er with  6 or  Condition  8 together  w ith  4,  taken  from  Table  3.  The  computod  stresses  at  the 
bottom  of  tho  keel  and  at  the  top  of  the  main-deck  longitudinals  for  theso  conditions  are  givon 
in  Table  3.  A number  of  possible  combinations  of  the  conditions  listed  in  Table  3 have  been 


*The  weight  distribution  was  taken  from  Reference  14.  The  actual  displacement  was  2460  tons  at  a mean 
draft  of  12  ft  2V>  In.  ss  compared  with  a displacement  of  2430  tons  used  in  Reference  14. 

••For  the  sake  of  convenience,  the  effect  of  the  orbital  motion  of  the  wster  particles  has  been  neglected  in 
these  strength  calculations,  that  la,  the  wave  has  been  considered  to  be  a still  mass  of  water.  The  effect  of 
these  orbital  motions  csn  be  taken  into  account  by  means  of  the  "Smith”  correction;  the  result  will  be  to  reduce 
the  value  of  the  computed  bull  stresses  by  about  10  percent.  It  should  be  further  noted  that  the  effects  of  longi- 
tudinal forces  due  to  wave  resistance  and  propeller  thrust  have  been  neglected  because,  at  this  time,  it  does  not 
seem  feasible  to  evaluste  these  effects  with  reasonable  accuracy.  It  it  believed,  however,  that  their  contribu- 
tion is  not  particularly  significant. 
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given  in  Table  4 for  comparison  of  computed  and  measured  stresses.  An  examination  of  Table 
4 indicates  that  the  stress  variations  computed  under  consideration  of  the  inortia  effects  are 
of  the  same  order  of  magnitude  as  the  measured  values  whereas  the  stresses  computed  with 
the  usual  assumption— that  the  vessel  is  statically  poised  on  the  wave— are  considerably  larger 
than  the  measured  values.  This  is  not  meant  to  imply  that  the  stresses  under  dynamic  condi* 
tions  are  always  less  than  for  the  usual  static  computation;  however  it  does  tend  toward  the 
conclusion,  especially  in  the  light  of  other  full-scale  sea  test®,  that  for  the  conditions  under 
which  ships  are  operated  the  stresses  aro  considerably  loss,  as  stated  above.  In  Appendix  1 


T ABLE  4 


Comparison  of  Measured  and  Computed  Stress  Variations 


■ ■ 

Total  Stress  Variation  by  Combining 
Two  Conditions  (Computed)* 

Laigest  Measured  Stress 
Variation 

Combination 

Conditions**  Combined 

Stress 

Change 

Top  of  Keel 

Stress  Change 

Botton  of  Main 
Deck  Longitudinal 

Stress 
T op  of  Keel 

Stress 

Bottom  of  Mam 
Deck  Longitudinal 

8 and  4 

8 and  4 

At  Frame  41  f 

- GGO 
♦ 1320 

. 880 
-1770 

1980 

2650 

2600 

4200 

8 and  6 

8 and  G 
At  Frame  41  t 

- 660 
.2530 

♦ 880 
-3370 

3190 

4250 

2600 

4200 

8 and  4 

fi  and  4 
At  Frame  Gif 

-1730 
• 3000 

.1540 

-2660 

4 73  0 

4200 

4 700 

3400 

8 and  6 

8 and  6 
At  Frame  Git 

-1730 

.3490 

-1540 

-3100 

5220 

4640 

4 700 

3400 

8 and  4 

8 and  4 

At  center  of  deckhouse 

■ 2430 
,4200 

• 2150 
-3  720 

6 63  0 

5870 

8 and  6 

8 and  6 

At  center  ot  deckhouse 

-2430 

.3960 

• 2150 
-3510 

6390 

5660 

- 

2 and  3 
Static 

2 and  3 

At  Frame  41  t 

• 1930 
-3700 

-2560 

•4910 

5630 

7470 

2 60  0 

4200 

2 and  3 
Static 

2 and  3 
At  Frame  61  t 

•3140 

-4600 

-2  790 
•4100 

7740 

6890 

4 7CC 

3400 

•Stress  distribution  according  to  Bleich's  method  (Appendu  1 ) Deckhouse  is  neglected  m 
way  of  Frame  41. 

••As  described  in  Table  3. 
t Locat ion  of  SR-4  strain  gages. 
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the  stress  distribution  in  a section  in  way  of  the  deckhouse  is  considered  in  more  detail  and 
measured  and  computed  stresses  are  compared. 

It  would  seem  that  an  improvement  over  the  present  design  procedure  could  be  trade 
along  the  linos  utilized  here  if  the  maximum  pitching  and  heaving  accelerations  that  a given 
ship  may  experience  were  known.  It  is  shown  in  Appendix  1 that  a cons  deration  of  the  con- 
tribution of  the  superstructure  to  the  longitudinal  hull  girder  strength  according  to  the  method 
suggested  by  II.  Bleichis  will  result  in  a stress  distribution  and  in  magnitudes  of  stress  much 
more  nearly  in  agreement  with  the  measured  values  than  would  obtain  if  the  contribution  of  the 
superstructure  were  neglected.  Although  this  method  requires  tho  use  of  a number  of  assump- 
tions, it  does  indicate  that  the  superstructure  contributes  materially  to  the  girder  strength  and 
to  this  extent  is  in  agreement  with  the  measured  strain  data.  Note  also  that  the  computed  lo- 
cation of  the  neutral  axis  (13. S ft  above  base  line)  in  Figure  17a  is  in  very  good  agreement 
with  that  given  in  Figure  14  for  Frame  61. 

The  upward  shift  of  the  neutral  axis  noted  at  Frame  41  during  slamming  is  probably  due 
to  elastic  or  plastic  transverse  deflection  of  the  hull  plating  under  combinod  axial  and  trans- 
verse loading  which  causos  a redistribution  of  the  load  to  the  more  rigid  hull  members;  see  Ap- 
pendix 2.  It  seems  possible  that  for  some  conditions  buckling  of  the  bottom  plating  could  take 
place  even  though  the  hull  girder  stresses  themselves  are  relatively  low.  The  reduction  in  ef- 
fective section  modulus  incident  to  local  buckling  of  the  bottom  plating  may,  in  turn,  bring 
about  a failure  of  the  entire  section,  which  to  all  appearances  may  look  as  though  it  were 
caused  by  excessive  ill  girder  stresses. 

CONCLUSIONS  AND  RECOMMENDATIONS 

A.  SHIP’S  MOTION 

1.  The  heaving  and  pitching  motions  of  the  ship  had  the  same  general  pattern  of  time  vari- 
ation when  these  motions  were  large  (in  a relatively  heavy  sea). 

2.  The  CASCO  tended  to  roll  with  a period  near  its  natural  period  of  roll,  but  the  indica- 
tion is  that  the  ship  tended  to  pitch  at  tho  period  of  the  forcinu  moments. 

3.  In  general  it  was  found  that  when  the  pitching  motion  of  tho  ship  was  large,  tho  heaving 
motion  was  also  larne  (althounh  the  maxima  of  these  motions  did  not  generally  occur  simul- 
taneously), but  that  the  roll  was  relatively  less  severe  for  these  onditions.  On  the  other  hand, 
when  the  rolling  motion  was  quite  severe,  the  heaving  and  pitching  motions  were  not  very  large. 
In  short,  for  a given  ship  in  a given  sea,  it  is  improbable  that  the  most  severe  pilchinti  and 
rolling  mot'ons  possible  w ill  occur  simultaneously.  For  design  purposes,  simultaneous  max- 
imum values  of  those  quantities  need  not  be  assumed. 

4.  It  has  been  possible  to  present  the  ship’s  motion  data  in  terms  of  normal  distribution 
patterns;  see  Figure  27  of  Appendix  4.  The  presentation  ot  data  in  the  form  of  probabil- 
ity curves  readily  lends  itself  to  engineering  applications  and  at  the  same  time  makes  it 
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possible  to  give  the  required  saliont  information,  based  on  a mass  of  statistical  data,  in  a con- 
cise convenient  form. 

5.  The  ship  vibratod  in  the  two-nodod  mode  of  vertical  flexural  vibration  subsequent  to 
each  impact  between  the  forward  part  of  the  shin’s  bottom  and  the  sea. 

6.  The  pressure  due  to  the  slamming  action,  measured  during  these  tests,  may  cause  largo 
stresses  in  the  bottom  plating  which  is  subjected,  in  addition,  to  the  stresses  due  to  longitudi- 
nal  bending  of  the  hull.  It  is  believed  that  slamming  of  the  bow  against  the  sea  does  not,  in 
itself,  cause  severe  stressing  of  the  hull  girder  but  does  cause  severe  loading  of  the  local 
bottom  structure.  Failure  of  this  local  structure  may  initiate  a subsequent  failure  of  the  hull 
girder. 

7.  It  is  recommended  that  automatic  ship’s  motion  recorders  equipped  with  statistical  ana- 
lyzing and  tabulating  devices,  such  as  are  being  developed  at  the  Taylor  Mrxlel  Rasin,  oe  in- 
stalled on  a number  of  selected  ship  types  in  order  to  collect  statistical  strain  and  notion 
data  similar  to  that  shown  in  Figures  27  to  20  of  Appendix  1. 

B.  HULL  STRENGTH 

On  the  basis  of  the  discussions  of  the  strain  and  pressure  data,  it  is  concluded  that 
for  the  USCGC  CASCO: 

1.  The  stresses  associated  with  the  rigid-body  motions  of  the  hull  are  considerably  larger 
in  magnitude  than  the  stresses  due  to  flexural  vibration  of  the  hull  incident  lo  slamming,  but 
they  are  much  less  than  the  static  stresses  computed  for  the  ship  poised  on  a wave  of  the 
same  approximate  dimensions  ns  the  wave  producing  the  measured  strains. 

2.  The  longitudinal  bending  stresses  near  the  forward  quarterpoint  of  the  hull  are  of  the 
same  order  of  magnitude  as  those  near  the  midship  section.  The  maximum  values  of  the  re- 
corded stresses  were  small. 

3.  The  simple-beam  thoory  appears  to  apply  to  the  hull  girder  for  the  low-frequency  stress 
variations  incident  to  rigid-lxjdy  motion  but  its  use  is  questionable  for  flexural  vibratory 
stresses  subsequent  to  slamming,  on  the  basis  of  the  meager  evidence  available  hero. 

4.  The  pressures  acting  locally  incident  to  slamming  may  reach  very  large  instantaneous 
valuos  and  do  on  occasion  reach  negative  values  approaching  a vacuum. 

5.  When  conditions  were  such  as  to  result  in  large  hull  stresses  associated  with  the  rigid- 
body  motions  of  the  ship,  large  vibratory  stresses  due  to  slamming  wore  also  observed. 

6.  In  view  of  the  large  local  loading  indicated  in  the  CASCO  tests,  it  is  suggested  that 
the  strength  of  the  local  bottom  structure  near  tho  bow  be  given  special  attention  in  ship  de- 
sign, especially  with  regard  to  the  effect  on  the  over-all  longitudinal  girder  strength. 

7.  Tho  strain  cycle  gage  data  indicate  that  the  endurance  strength  under  repeated  load 
needs  to  be  considered  in  tho  strength  design  of  ships. 
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APPENDIX  1 

STRESS  DISTRIBUTION  IN  WAY  OF  THE  DECKHOUSE 

Strains  measured  in  way  of  the  deckhouse  structure  t at  Frame  61  gave  a stress  dis- 
tribution and  a location  of  the  neutral  axis  which  showed  that  the  superstructure  did  con- 
tribute materially  to  the  hull  girder  strength.  The  measured  stresses  and  those  computed  ac- 
cording to  the  method  outlined  on  page  28  for  the  conditions  shown  in  Table  3,  attain  the  same 
order  of  magnitude  if  the  deckhouse,  to  the  superstructure  deck,  is  included  in  the  computa- 
tion of  the  section  moment  of  inertia.  The  stresses  measured  in  way  of  Frame  41,  although 
rather  low  and  consequently  not  very  reliable  indicate  that  the  contribution  of  the  deckhouse 
hero,  near  its  termination,  is  small. 

A method  has  been  proposed  by  H.  Bleich15  which  permits  evaluating  the  contribution 
of  the  ship’s  superstructure  to  the  hull  strength.  It  was  decided  to  apply  this  theory  to  the 
CASCO  The  principal  assumption  made  in  the  computations  is  that  the  cross  section  of  the 
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fT he  deckhouse  is  made  of  ateel  and  haa  no  expansion  joints. 
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A - Navier's  stress  in  hull-deckhouse  combination. 
B - Navier’s  stress  in  Hull  (alone). 

C - Corrected  stress  by  method  of  Dr.  Hans  Bleich. 
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Figuro  17  • Stress  Distribution  in  Way  of  Deckhouse,  Frame  71  1/2  (liSCCJC  CASCO) 

Computed  according  to  simple  beam  theory  and  Dleich’s  theory. 


deckhouse  and  hull  is  constant  for  the  length  of  the  deckhouse,  Frames  2!)  to  111,  with  sec- 
tional properties  identical  with  those  at  Frame  57;  see  Figure  16.  It  is  bolieved  that  this 
assumption  will  not  affect  appreciably  the  stress  distribution  near  the  center  portion  of  the 
deckhouse. 

The  stress  distribution  at  the  center  of  tho  deckhouse,  Frame  71  1/2,  is  plotted  in  Fig- 
ure 17  for  several  of  the  possible  combinations  of  heaving  and  pitching  motions  given  in  Table 
3.  For  each  of  these  conditions,  the  stress  distribution  has  been  plotted  for  (a)  application 
of  tho  simple  beam  theory  to  the  hull-deckhouse  combination,  (b)  application  of  simple  beam 
theory  to  the  hull  alone,  and  (c)  application  of  Bleich’s  thoory.  inspection  of  Figure  17  shows 
that  Bleich’s  analysis  gives  very  nearly  tho  same  stress  distribution  as  is  obtainod  with  the 
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assumption  of  full  effectiveness  of  the  deckhouse.  Furthermore,  the  computed  location  of  the 
neutral  axis  practically  coincides  w ith  that  based  on  strain  measurements;  seo  Figures  14  and 
17.  The  effectiveness  of  the  deckhouse  depends  to  a large  extent  on  A'1  4 whore  A'  is  the  ver- 
tical stiffness  factor  defined  in  Fieure  16.  The  stiffness  A'  cannot  be  computed  with  accuracy; 
however,  the  hull  stresses  aro  not  very  sensitive  to  a variation  in  A ; see,  for  example,  Case 
S,  see  Figure  17a,  w here  it  is  shown  that  a 4-to-l  variation  in  A'  results  in  a maximum  stress 
variation  of  only  16  percent. 

The  ratio  of  the  stress  at  the  main  dock  to  that  at  the  bottom  of  the  keel,  near  the  cen- 
ter of  the  deckhouse,  is  1.22  if  the  deckhouse  is  neglected;  it  is  0.S2  utilizing  Bloich’s  theory 
as  well  as  accordine  to  simultaneous  strain  measurements  made  at  Frame  61  on  the  CASCO, 
Figuro  14.  It  may  therefore  be  concluded  that  the  deckhouse  does,  in  fact,  contribute  materi- 
ally to  the  hull  girder  strength  and  that  Bleich’s  approach  may  prove  to  be  practically  appli- 
cable. It  would,  however,  require  more  experimental  data  on  different  ships  w ith  various  lengths 
and  structure  of  deckhouses  to  reach  a definite  conclusion  as  to  the  validity  of  this  method. 

The  stresses  at  Frames  61  and  41  (where  the  strain  measurements  were  mado)  have 
been  computed  for  a number  of  combinations  of  the  conditions  listed  in  Table  3.  The  calcu- 
lated and  measured  stresses  are  compared  in  Table  4.  In  these  computations,  the  deckhouse 
is  assumed  fully  effective  at  Frame  61  and  ineffective  at  Frame  41.  The  combination  on  the 
second  line  of  Table  4 gives  the  best  agreement  between  measured  and  computed  stresses  and, 
at  the  same  time,  provides  rather  good  agreement  between  the  maximum  measured  variation  in 
pitching  angle  of  20  dog  as  against  the  computed  variation  (for  combination  of  Conditions  S 
and  6)  of  16  1/3  deg. 
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APPENDIX  2 

EFFECT  OF  LOCAL  FAILURE  ON  HULL  GIRDER  STRENGTH 

The  strain  measurements  made  near  Frame  41  indicated  qualitatively  that  the  position 
of  the  neutral  axis  shifted  in  the  upward  direction  during  the  whipping  motions  immediate!}, 
subsequent  to  slamming  of  the  bottom  of  tho  forward  portion  of  the  ship  against  the  sea.  This 
occurrence  would  bo  expected  if  in  tho  vicinity  of  the  strain-gago  location,  the  ship’s  bottom 
failed  to  take  a proper  share  of  the  bonding  moment  and  shear  imposed  on  the  hull  at  that  sec- 
tion. It  will  be  shown  here  that  although  the  over-all  hull  girder  stresses  may  be  quite  low, 
the  stresses  in  the  bottom  plating  may  be  high,  exceeding  the  yield  point  of  the  material  under 
the  combined  effect  of  longitudinal  compressive  loads  associated  with  the  bending  of  the  hull 
together  with  the  lateral  pressure  load  incident  to  slamming  and  due  to  hydrostatic  pressure. 

The  stresses  in  a typical  shell  bottom  plate  at  Frame  41  (strain  gage  location)  were  ana- 
lyzed under  the  combined  effects  of  a hogging  load  and  normal  pressure;  see  Figure  18.  Tho 
plate  is  ‘24  in.  wide  by  44.5  in.  long  and  it  has  a thickness  of  0.368  in.  It  is  assumed  that  the 
edges  of  the  plate  are  fixed. 

This  plate  has  a buckling  strength  equivalent  to  a compressive  stress  in  the  plate  of 
about  37,000  psi,  in  the  absence  of  normal  pressures.  For  the  conditions  given  jn  Figure  18, 
which  are  assumed  to  approximate  the  actual  conditions  on  the  CASCO,  the  plate  stresses  art' 
found  to  approach  the  elastic  limit  for  mild  steel  when  the  lateral  pressure  p is  10  psi.  It  is 
to  he  noted  that  stress  concentration  has  not  thus  far  been  considered. 

A conservative  ostimate  gives  a stress  concentration  factor  of  2 (see  Inference  16, 
p.  136).  Plastic  deformation  can  he  expected  under  these  cor.  iitions,  thus  resulting  in  a re- 
distribution of  the  resisting  stresses  which  would,  in  effect,  make  the  position  of  the  neutral 
axis  dependent  upon  the  loading,  contrary  to  the  assumption  of  simple  bear,  theory.  It  is, 
therefore,  apparent  that  the  local  strength  of  the  plating  may  have  an  appreciaiile  effect  on 
tho  effective  hull  girder  strength  (sectional  moment  of  inertia).  Although  the  entire  plating 
may  be  effective  in  resisting  the  bending  moments  applied  to  the  hull  for  some  conditions, 
this  may  no  longer  be  true  under  other  conditions  of  loading,  even  though  the  applied  hull  oend- 
ing  moment  is  tho  same. 
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Following  the  method  given  by  Bleich  (Ref.  15,  p.  61  ) a mag- 
nification factor  "m”  is  computed.  The  plate  stresses  are 
multiplied  by  m (m  is  a function  of  a and  the  resulting 
stresses  are  combined  with  a ^ . This  method  is  an  approxi- 
mation. The  results  are  tabulated  below. 
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APPENDIX  3 

INSTRUMENTATION  AND  EVALUATION  OF  INSTRUMENT  PERFORMANCE 


Each  type  of  instrument  will  be  briefly  described  in  this  section  together  with  an  evalua- 
tion of  its  performance. 


A.  THE  TMB  ^TRAIN-CYCLE  GAGE 


This  is  a device  for  the  statistical  determination  of  the  strain  history  of  structures;  it 
will  automatically  analyze  the  strain  history  at  the  location  of  the  gage  in  terms  of  the  number 
of  cycles  of  given  strain  amplitudes  that  have  occurred.  These  cyclic  variations  can  be  auto- 
matically tabulated  or  classified  according  to  the  mean  strain  about  which  they  took  place. 
Thus,  strain  data  are  obtained  in  a form  which  can  readily  be  utilized  without  the  necessity 
of  laborious  analysis. 

The  instrumentation  comprises  two  parts,  namely,  an  electrical  or  mechanical  strain 
gage  and  an  electrical  counter.  The  counter  provides  an  automatic  tabulation  of  the  number  of 
cyclic  variations  of  selected  strain  amplitudes  classified  according  to  tho  mean  strain  levels 
about  which  these  cyclic  variations  occur.  To  determine  the  number  of  variations  about  a 
given  mean  strain  level,  it  is  merely  necessary  to  subtract  the  reading  of  one  counter  from 
that  of  another. 


The  principle  of  operation  is  probably  best  illustrated  bv  a simplified  diagram  (Figure 
19a);  the  main  components  are  (a)  a contact  bar  which  is  given  a linear  motion  directly  pro- 
portional to  the  strain,  (b)  a series  of  amplitude  contactors  which  are  free  to  slide  as  indi- 
cated, and  (c)  a series  of  zone-level  contacts  which  remain  stationary.  If  the  contact  bar 


touches  the  upper  contact  point  of  an  amplitude  contactor  and  then  tou  -has  the  lower  contact 
point  of  the  same  contactor,  a counter  will  count  one  unit  at  the  moment  the  second  contact 
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Figure  19  - Illustration  of  Operation  and  Analysis  of  Strain-Cycle  Gage  and  Counter 
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which  is  touched  by  the  contact  bar  at  the  moment  of  counting.  Assume  that  the  unit  is  in 
the  position  shown  in  Figure  19a  for  zero  strain  and  that  the  contact  bar  moves  parallel  to  it- 
self due  to  an  applied  tensile  strain.  The  upper  contact  points  S of  the  amplitude  contactors 
1,  2,  and  3 are  successively  touched  by  the  contact  bar.  The  instant  contact  is  made  botwoon 
the  contact  bar  and  the  point  S2  of  the  amplitude  contactor  Number  2,  a relay  or  similar  device 
in  an  eloctrical  circuit  associated  with  this  amplitude  contactor  is  cocked.  This  relay  does 
not  close  until  the  strain,  and  consequently  the  contact  bar,  reverses  its  direction  and  contact 
is  made  at  f’2,  at  which  time  the  relay  closes  and  a pulse  of  current  is  sent  through  the  cir- 
cuit and  channeled  via  one  of  the  zone-level  contacts  to  the  counter  corresponding  to  the  Num- 
ber 2 amplitude  contactor.  If,  for  example,  the  contact  bar  had  been  in  contact  with  Section  4 
of  the  zone-lovel  contacts  at  the  instant  that  the  pulse  of  current  was  released  (contact  be- 
tween f'2  and  contact  bar),  then  the  Number  2 strain  amplitude  counter  corresponding  to  the 
Number  4 zone  level  would  have  registered  one  count.  In  general,  therefore,  a count  will  be 
registered  whonovor  a strain  variation  occurs  which  is  equal  to  or  greater  than  that  correspond- 
ing to  a given  gap  setting  of  the  amplitude  contactors. 

The  mechanical  strain  cycle  gage  used  for  the  CASCO  tests  is  illustrated  in  Figure 
20,  and  in  the  photograph,  Figure  21.  It  has  a base  length  of  10  in.  and  the  actual  strain  is 
magnified  ten  times  through  a lover  system.  Tie  amplitude  contactors  are  carried  by  a pivoted 
and  balanced  arm  which  is  hol<i  in  placo  at  any  position  by  a suitable  friction  pivot.  The  gage 
is  held  to  the  structure  by  a predetermined  spring  force.  Rapid  temperature  changes  of  the 
structure  were  not  anticipated.  However,  temperature  effects  were  to  be  taken  care  of  by  (a) 
making  the  gage  of  the  same  material  as  the  structure,  and  (b)  minimizing  the  temporature  lag 


Figure  20  - Section  of  Strain  Cycle  Gage 
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Figure  21  - Mechanical  Strain  Cycle  Gage 


between  the  gage  and  the  structure.  The  gage  is  designed  to  withstand  a constant  accelera- 
tion of  5 g in  any  direction.  The  prototype  strain  cycle  analyzer  has  provision  for  counting  six 
strain  amplitudes  and  classifying  them  into  six  zone  levels. 

It  is  seen  that  the  strain  cycle  gago  and  counter  provide  an  automatic  statistical  analy- 
sis of  the  strain  variations  in  a structure  over  long  periods  of  time  at  a great  savings  of  time 
and  money  over  the  conventional  time-base  data.  A rough  time  base  can  be  provided  for  the 
strain-cvclo  data  by  photographing  the  counter  readings  at  selected  intervals.  The  units  in- 
stalled on  the  CASCO  comprised  three  strain-cycle  counters  which  classified  the  strain  varia- 
tions according  to  amplitude  of  the  variation  only  and  one  counter  (strain-cvclo  analyzer) 
which  classified  the  strains  according  to  both  amplitude  of  variation  and  mean  level  of  strain. 
The  latter  unit  is  shown  on  the  right  in  Figure  7. 

Tho  strains  experienced  by  the  vessel  during  the  voyage  wore  smaller  than  expected, 
therefore  most  of  the  counters  were  not  actuated  and  it  was  impossible  to  obtain  a good  eval- 
uation of  the  accuracy  of  these  units.  It  was  found,  in  general,  that  the  mechanical  strain- 
cvclo  gage  operated  satisfactorily;  howover  it  was  accurate  enough  to  classify  strains  only 
by  amplitude  but  not  by  mean  lovol  bocauso  of  its  relatively  small  mechanical  amplification. 

The  electronic  counters  did  havo  occasional  tube  failures.  Tho  failures  wore  traced 

to  operation  of  the  vacuum  tubos  at  excessive  temperatures.  The  circuits  have  been  redesign- 
ed and  tho  counters  rebuilt  to  operate  at  reduced  currents  and  temperatures  and  do  perform 
satisfactorily. 

For  general  application,  the  mechanical  strain  gage  should  be  replaced  b\  an  SR-4  or 
similar  electrical  strain  gage  working  into  a mechanical  follow-up  system  which  will,  in  time, 
actuate  the  counters.  Development  of  such  a device  is  nearly  completed. 
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The  basic;  idea  of  the  strain  cycle  gage  can  be  utilized  in  other  applications  where  it 
is  desired  to  count  cyclic  variations,  for  example,  in  the  cyclic  analysis  of  voltages,  currents, 
pressures,  strains,  temperatures  and  atmospheric  conditions. 

B.  TIME  TOTALIZER 

If  it  is  found  that  fatiguo  is  not  a significant  consideration  in  a particular  problem,  then 
it  would  he  unnecessary  to  classify  the  strain  data  as  before  (by  amplitude  and/or  mean  level). 
It  may  bo  sufficient  to  know  what  percentage  of  the  total  operating  time  the  strain  falls  within 
given  limits.  To  provide  this  information  another  instrument  has  been  designed  and  built 
which  performs  a measuring,  analyzing,  and  totalizing  function.  This  instrument  is  called  a 
time  totalizer  or,  in  this  particular  case,  a strain  totalizer;  see  Figure  22.  The  essontial  com- 
ponents are  a strain  gage,  a switching  or  classifying  device,  and  a series  of  clocks.  The 
operation  is  as  follows:  The  output  of  a strain  gage  is  used  to  change  the  bias  of  a vacuum 
tubo.  Each  vacuum  lubo  will  conduct  current  when  its  grid  voltage  exceeds  a fixed  value, 
which  value  is,  in  turn,  set  to  correspond  to  a definite  strain.  Each  tube  controls  a clock 
which  will  run  as  long  as  the  tube  is  conducting  current.  Therefore,  the  total  time  indicated 
by  any  clock  indicates  the  total  time  that  the  strain  has  exceeded  the  valuo  corresponding  to 
that  particular  clock.  The  total  time  that  the  strain  was  in  a given  region  is  given  by  the 
difference  of  tho  clock  readings  for  the  two  strains  defining  that  region.  These  data  can  bo 
represented  immediately  and  conveniently  by  a simple  graph. 

The  accuracy  of  this  device  depends  to  a great  extent  on  the  rapidity  of  strain  varia- 
tions and  on  the  time  delay  of  the  clocks.  In  the  present  installation  the  same  strain  gage 
that  was  part  of  the  strain  cyclo  counter  in  the  strain  totalizer  is  utilized.  Howovor,  almost 
any  electrical  or  mechanical  gage  could  be  adapted  to  the  strain  totalizer. 

The  totalizer  installation  can  be  seen  in  Figure  7.  The  magnitude  of  the  strains  experi- 
enced was  insufficient  to  evaluate  tins  device. 

C.  TMB  AUTOMATIC  SHIP’S  MOTION  RECORDER 

A detailed  description  of  this  device  is  given  in  TMB  Report  777.®  Shown  in  Figure  23, 
it  is  essentially  an  amplifier  and  recorder  which  has  provision  for  automatic  sampling  and 
which  is  designed  to  operate  continuously  for  weeks  on  shipboard  without  necessitating  atten- 
tion. It  is  called  tho  TMB  Automatic  Ship's  Motion  Recorder  but  could  be  used  for  purposes 
other  than  that  indicated  by  its  name.  It  should  bo  remembered  that  this  is  the  first  and  only 
model  built  and  that  additional  features  will  be  added  to  later  modols.  The  recorder  operates 
on  a 110-volt  alternating  current  and  is  designed  to  record  the  ship’s  rolling  and  pitching  ac- 
celeration, its  linear  acceleration,  and  the  rolling  and  pitching  angles.  Since  it  is  desired 
to  record  only  the  rather  low-frequoncy  variations  associated  with  the  oscillatory  motion  of 
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Figure  23  - TMB  Automatic*  Ship  s Motion  {{ecorder 


Tl.<*  veil  taste*  output  ot  e*ach  transdueor  is  amplilieel  and  its  phase*  is  s|,jf(,>(|  tt)  provide 
rt'.a\ii"Utr  power  input  into  one  phase  ol  a two-phase*  rotor;  I he*  other  phase*  is  connected  di- 
reotlv  across  the  line.  The  direction  and  arount  ot  rotation  ol  the  rotor  are  direetlv  proper 
tional  tf'  tin*  ilirection  and  r assniluele*  ot  t he*  transducer  signal.  The  rotor  operates  a n u I ) - 
iialance  s\ster/.  hence  there*  is  no  approciahle  <*rror  due*  to  lack  ot  \cdta"<*  regulation  in  the* 
powe*r  supple.  I lie  two-phase  motor  actuates  a standard  l\pc>  ot  pen  drive*.  I he*  tie rr  s.-t- r ( | ,( 
fin  a plast ic-coate*d  record ins:  papc*r. 
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The  paper  drive  is  actuated  by  a set  of  cams  as  follows: 

1.  The  paper  drive  operates  automatically;  the  pens  are  actuated  for  a preselected  period 
at  regulated  intervals,  say  for  2 min.  out  of  every  liou'. 

2.  The  recorder  will  record  for  any  desired  continuous  period  up  to  2 hr  by  manually  turn- 
ing a timer  knob.  At  the  end  of  the  period  the  automatic  cycling  will  tako  ovor. 

3.  The  recorder  will  run  continuously  if  desired. 

The  chart  speed  used  is  either  1 or  1/2  in/min;  100  feet  of  paper  is  sufficient  to  permit 
up  to  50  days’  operation  without  reloading  the  magazine.  In  use  it  is  intended  to  select  the 
optimum  sampling  interval  and  sampling  duration  for  the  particular  problem  under  consideration. 

Additional  featuros  can  roadily  bo  addod  to  the  present  unit.  For  example,  the  record- 
ing may  be  controlled  by  the  magnitude  of  the  quantity  to  be  measured  or  by  some  other  quan- 
tity. A definite  limitation  of  the  recorder  is  its  upper  limitation  of  frequency  response. 

The  transducers  used  with  the  recorder  were  Schaovitz  accelerometers  for  the  accelera- 
tion measurements  and  the  stable  element  and  synchro  follow-up  system  of  the  New  \ ork  Ma- 
terials Laboratory  Ship’s  Motion  Recorder  for  the  roll  and  pitch  charnels.  The  transducers  and 
the  recorder  gave  satisfactory  ser\  ice  during  the  tests. 

D.  SHIP'S  MOTION  RECORDER  BUILT  BY  THE 
NEW  YORK  MATERIALS  LABORATORY 

This  recorder  is  a self-contained  unit  comprising  a recorder,  a stable  element,  and  four 
synchro  channels.  It  is  intended  to  record  anglos  of  roll  and  pitch,  ship’s  heading,  and  ship’s 
speed.  The  stable  element  furnishes  the  input  for  the  roll  and  pitch  channels;  the  ship’s  gyro 
compass  and  log  provide  the  input  for  the  course  and  speed  channels.  In  the  shipboard  instal- 
lation aboard  the  CASCO,  the  Taylor  Model  Basin  and  the  New  ^ork  recorders  were  wired  in 
parallel  and  actuated  by  the  control  system  of  the  TMB  unit;  in  this  manner  the  two  units  gave 
simultaneous  data.  The  stable  element  of  the  New  York  unit  was  utilized  for  the  angle  of  roll 
and  pitch  inputs  of  the  TMB  recorder. 

The  pens  of  the  New  York  Materials  Laboratory  recorder  require  refilling  with  ink  about 
every  day  and  occasionally  become  clogged.  The  pen  indicating  tho  course  of  the  ship  jammed 
whenever  it  reached  an  extreme  position  in  its  travel.  There  was  some  backlash  in  the  gear- 
ing between  the  synchros  and  the  pens. 

E.  DIAPHRAGM  PRESSURE  GAGE 

This  gage,  shown  in  Figures  24  and  25,  is  installed  with  its  face  flush  with  the  outside 
of  the  ship’s  plating  to  measure  the  water  pressure  at  that  point.  The  gage  consists  of  a gage 
cup,  a differential  transformer  with  positioning  adjustment,  and  a protective  cover;  soe  Figure 
24.  The  diaphragm  is  1 in.  in  diameter,  0.024  in.  thick,  and  carries  a small  soft  iron  core* 
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Condenser,  40gf  (T  MX3  Slock  No.  16-0540) 

D 

Diode,  IN  34 

G 

Galvanometer,  3 0 A 

P 

Potentiometer,  10  ohms 

R1 

Kesistor,  4.4  ohms 

R 2 

Kes  is  tor , 4 0 ohms 

s 

Se  lector  Switc  h 

1.  Over-all  Sensitivity  of  Pressure  G»f.tt  - Circuit  Combination: 

Attenuator  (1)  75  mils  deflection  of  y,a  1 va  nomc  ter /ps  I pressure 

(2)  40.5  mils  deflection  of  ru  lv  anometer/ps  i pressure 
(10)  ft. 8 mils  deflection  of  pa  Ivanometer  / psi  pressure 

2.  Natural  Frequency  of  Pressure  Gage:  Approx.  12  00  cps 

3.  Over-a  11  Sens  it  iv  it  y of  1 0-in . E lectr omcc  ha  nica  I S tra  in  Gage  - C ire  u it  Co mbina t ion : 
Attenuator  (1  ) 240  mils  deflection  of  ga  lv  a nomet  t r/ 1 000  ps  i stress 

{2  ) 12S  mils  deflection  of  ga  lva  nome  ter/ 1 000  psi  stress 

(3)  2S  mils  deflection  of  ga  lva  nome  ter/ 1 000  psi  stress 

4.  Immersion  of  Cables  in  Salt  Water  has  no  effect  on  Sensitivity. 

Figure  25  - Circuit  Diagram  anti  Characteristics  of  Diaphragm  Pressure  Cage 
anti  10-in,  Electromechanical  Strain  Gage 


attached  to  its  center.  Pressure  acting  on  the  diaphragm  will  cause  it  to  deflect,  thus  deflect- 
ing the  iron  core  relative  to  the  gage  housing  which,  in  turn,  changes  the  flux  linkage  between 
the  primaries  and  secondaries  of  a small  transformer  and  induces  a voltage  change  proportional 
to  the  deflection  of  the  diaphragm.  The  primary  of  the  differential  transformer  is  excited  with 
a 5000-cps  voltage  from  a Hewlett-Packard  oscillator;  the  output  of  the  secondaries  is  then 
rectified  and  impressed  on  a string  galvanometer;  see  Figure  25.  The  circuit  is  quite  simple 
and  sensitive,  hut  the  frequency  response  falls  off  at  60  cps  due  to  the  effect  of  the  galvanom- 
eter response.  The  natural  frequency  of  the  gage  is  about  1200  cps.  The  gage  was  designed 


46 


to  be  linear  up  to  a pressure  of  20  psi  and  to  be  reasonably  linear,  within  10  percent,  up  to 
100  psi.  The  Rage  body,  which  is  made  of  stainless  steel,  showed  no  evidence  of  deteriora- 
tion after  about  a 50-dav  exposure  to  sea  water.  The  diaphragm,  however,  acquired  a perma- 
nent set  of  about  0.018  in.  due  to  large  impact  pressures.  Calculations  using  the  theory  of 
plasticity  indicate  that  the  equivalent  static  pressure  causing  such  a set  was  in  excess  of 
265  psi. 

The  gage  and  gage  circuit  performed  satisfactorily  throughout  the  entire  tests.  If,  how- 
evor,  tho  gage  is  to  be  located  in  a region  of  high  impact  pressures,  the  diaphragm  must  be 
designed  to  w ithstand  equivalent  static  pressures  of  the  order  of  several  hundred  psi  w ithout 
acquiring  a permanent  set. 

F.  TEN-INCH  STRAIN  GAGE 

This  gage  (Figure  6)  is  simply  a strain  gage  of  10-in.  base  length  having  no  mechanical 
amplification.  The  relative  motion  between  the  knife-edge  points  moves  the  core  of  a differ- 
ential transformer,  thus  changing  the  flux  linkage  between  the  primary  and  secondary  windings 
in  proportion  to  the  strain.  The  electrical  circuit  is  identical  with  that  for  the  diaphragm  pres- 
sure gage.  Electrically,  the  performance  of  the  gage  was  satisfactory,  but,  unfortunately,  no 
usable  data  were  obtained  because,  through  an  oversight,  the  knife  edges  had  not  been  hard- 
ened and  consequently  the  gage  points  slipped  relative  to  the  structure  when  straining  occurred. 

G.  SR-4  STRAIN  GAGE 

The  SR-4  wire-resistance  strain  gage  (Figures  5,  6,  and  26)  is  well  known  and  neod  not 
be  discussed  here.  The  gages  were  oriented  to  measure  the  longitudinal  strain  in  tho  keel  and 
in  the  main-deck  longitudinals.  They  were  waterproofed  and  then  covered  with  a steel  plate 
for  protection.  The  gages  wero  electrically  connected  in  a bridge  circuit,  see  I'igure  26,  and 
the  output  was  recorded  on  a Consolidated  oscillograph  simultaneously  with  the  output  of  the 
pressure  gage.  All  gages  performed  satisfactorily  throughout  the  test  period.  It  should  be 
noted,  however,  that  they  were  not  immersed  in  water  at  any  time  during  the  tests. 
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Sensitivity. 

Frequency  Response: 

Figure 


A - Active  Goqe 
B - 12-  volt  Wet  Cell 
D - Dummy  Goqe 
G - Galvanometer 


psi  per  mil  deflect  ion  of  1 3/iA  galvanometer  trace 

SR-4  Gage  Data: 

Consolidated  Type:  A- 14 

^’115  Resistance:  500  — 3 ohms 

1 3(iA  'inch 

Flat  - S percent  from  0-60  cps 

26  - Circuit  Diagram  for  SR-4  Strain  Gage  Installation 
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APPENDIX  4 

STATISTICAL  PRESENTATION  OF  DATA  FROM  TESTS  ON  USCGC  CASCO 


Figure  27a  - Pitch  Angle 


Figure  27  - Statistical  Presentation  of  Ship-Motion  Data 

The  "confidence  limlta"  alao  known  at  "probability  levelt”  denote  the  limiti  between  which  95  per  cent 
of  the  experimental  meaaurementt  would  fall  if  a great  number  of  teata  were  made  (teata  aatined  to  be  made 
under  theeaame  condition). 
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Figure  27c  - Fitch  Acceleration 
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Figure  27d  * Pitch  Acceleration 
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Figure  27e  - Roll  Angle 


Figure  27f  - Roll  Angle 


Figure  27h  - Heave  Acceleration 
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Figure  27i  - Roll  Acceleration 


Figure  2 7 j - Roll  Acceleration 
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Figure  29a  - Occurrence  Rate  of  Strain  Cycles  with  Double  Amplitudes 
of  2000  to  4000  PS1 
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Figure  29b  • Occurrence  Rete  of  Strain  Cycles  with  Double  Amplitudes 
of  4000  to  8000  PSI 

Figure  29  - Incremental  Counts  of  Longitudinal  Stresses  in  Koel  (Station  3) 
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